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INTRODUCTION

ADBSTRACT

One-dimensional time dependent calculations of geornetrically thin accretion discs
boundary layers in pre-main sequence stars arc carried out for mass accretion rates
in the range M = 5 x107- 10' *Mg/y,a = 0.005- 0.3 and different inner boundary
conditions on the temperature. T'wo kinds of solutions arc obtained: solutions with a

distinct thermal boundary layer component and solutlon w1thout.(’tflermal boundary/

layer. For M up to 210~ Mg/, and for a > Qcritic & 0.04, "solutions with a thermal

Bl, arc obtained. For M = 104M@/y or for a <acritie, solutions without a thermal
Bl arc obtained. The inner boundary condition F,::a’le‘f'”lcads to hotter solutions

and higher threshold values ®critic, while the non-flux boundary condition d7'/dr=0
leads to cooler solutions. For very low mass accretion rate (M ~5 x 10" Mg /y), the

-temperature in the disc drops below 10°K and the ionization front is adjacent to the

outer edge of the hot thermal boundary layer. In the vicinity of the ionization front,
the medium becomes slightly optically thin.
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(Popham et at. 1993, lioure and Le Contel 1994 and Regev

It is now commonly believed that TTauri systems are stars
in early stage of evolution: pre-main sequence stars accret-
ing matter from a disc, remanent of a protostellar cloud.
Circumstellar gas around TTauri stars has indeed been de-
tected in the radio frequencies (Sargent and Beckwith, 1991)
and in several cascs, the velocity field of the circumstel-
lar gas appears to be consistent with that of a Keplerian
disc (Koerner, Sargent and Beckwith 1993, Koerner and
Sargent. 1995). T'T'auri stars spectra, furthermore, display
strong ultraviolet and infrared excesses when compared to
main scquence stars of similar spectral type. In order to
reproduce the observed spectral shapes and continuum of
TTauri stars, accretion discs with Boundary Layers (BL)
have been invoked with mass accretion rates in the range
M=~ 10°Mg/yup to 5x 10" "Mg/y (Bertout, Basri and
Bouvier 1988, Hartigan et al. 1989, Basri and Bertout 1989,
Hartiganet al. 1991, Bouvier and Bertout 1992, Bertout et
al.1993). These models take into account the luminosity of
the star, the Bl. and disc (including absorbed stellar flux).
They all suggest BI. temperatures 7000K < Try < 11000K
and M = 107 MO/y. It seems that in this regime of M, the
BL becomes optically thin (Basri and Bertout 1989, Har-
tigan ct al. 1989). Obviously, accretion discs Bl.s modeling
is strongly needed in order to model the spectra of T'Tauri
stars. First results of steady state calculations of 1. models

and Bertout 1995) arc in agreecment with the observations.
The results show a strong dependence on physical assump-
tions such as the inner boundary conditions on the temper-
ature, the value of the viscosity parameter a and even the
inethod of solution (Regev and Bertout 1995). Furthermore,
a major subject of concern in modeling is the opacity law,
which treatment has been neglected in the low temperature
r egime (Popham et al. 1993, Lioure and lLe Contel 1994),
therefore, inaking these models inadequate to reproduce the
eflects of the opacity “gap” on the cool solutions, character-
istic of the low mass accretion rate models.

Modeling of accretion discs BLs in pre-main sequence stars is
also important to understand the U Orionis objects. These
systems ar ¢ believed to be 1"Tauri stars which undergo out-
burst and i, icr-case their mass accretion rate by several orders
of magnitude, from M =210 "Mg/yup to M =107 Mg /y
(Lin and Papaloizou1985). Ireatments of }u Orionis do not
include B1. regions, butinstead it is assumed that the disc
extends up to the stellar surface (Kenyon,llartmann and
Hewett 1988). Stability analysis (ClaEkc Lin and Paploizou
1989, Clarke, Linand Pringle 1990) have shown that the per-
t urbation of a low mass accretion rate disc around a TTauri
star can produce FU Orionis behaviour, by triggering the
thermal ionization instability when the disc mid-plane is
partially ionized at some intermediate radius (Lin and Pa-
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paloizou 1985). These systems have an jonization front which
scparatg hot (ionized) phasc from coo] (ncutral) one. Ob-
viously, the opacity dccreases by several orders of magnitude
(*gap”) as one moves from the hot region 7'> 10'K) to
the cooler one (7' < 10°K). Time dependent models (Bells,
Lin and Ruden 1991, Bell and Lin 1994 and Bell et al. 1995)
have been invoked to reproduce the rising and falling lumi-
nosity curves of FU Orionis during outburst. These models
assume a Keplerian disc, without BL, with [mass accretion
rate M = (1 — 10) x IO‘SM@/y and a=10"%, 10", in order
to fit the observed time dependent light curves of ¥u Orionis
outburst .

It is the purpose of this paper to provide more details on
the inner part of the disc in pre-main sequence stars. The
BL is important not only because up to half the accretion
energy can be released there, but mainly because the stan-
dard disc model is not appropriate when §2# 8k, F; # O,
VBL << Vdisc and Lpp << Ldisc. This is especially true
when M is large and « is small (like in FU Orionis, Bell et
al. 1995). In this case the non-Keplerian inner part of the
disc extends outward up to several stellar radii (Popham et
al. 1993 and the results presented here). In the present work,
time dependent numerical calculations of one-dimensional
accretion disc BL around pre-main sequence stars are carried
out. The method is based on a Chebyshev spectral method
used previously to model accretion BL around white dwarf
in Cataclysmic Variable systems (Go don 1995a, and Godon,
Regev and Shaviv 1995), and it has been implemented to
treat discs around pm-main sequence stars. The opacity law
has been given a full treatment, in order to reproduce the
effects of the opacity gap on the solutions: the formation of
an outer cool and neutral region.

The equations and the physical assumptions of the mod-
eling are presented in section 2. The numerical method used
to solve the equations is described in section 3. The results

of the numerical calculations appea.rf in the 4th section and
are discussed in the 5th section. 2

2 EQUATIONS AND ASSUMPTIONS
2.1 Equations

The full Navier-Stokes equations are solved including the
gravity of the star, viscosity and radiative transfer treated
in the diffusion approximation. In the high temperature
regime, the effect of radiation pressure is included in the
Equation of State; while in the low temperature regime
Saha’s equation is used to write the ‘equation of a partially
ionized H ydrogen gas. Thie treatment is one dimensional and
the equations arc written in cylindrical coordinates (r. z, @).
Axi-symmelry is assumed around the z- axis ( 2 95 == 0). The
disc and the BI, are assumed to be in hydrostatic equilib-
rium and geometri ally thin in the vertical direction. Follow-
ing the usual procedure, the equations arc solved for the z-
integrated variables. The exact form of the equations and the
physical assumptions can be found in Godon et al. (1995).
The equations for the integrated quantities have the follow-
ing form:

the conservation of maw
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where 3 = fj_:;((:)) pdz, ve is the radial velocity, € is the
angular veloc ity, G is tbc gravity constant, M is the mass of
the star, S is the entropy, a is the Stephan-Boltzmanrr con-
st ant, ¢ is the speed of light, T is the mid-plane temperature,
H is the half thickness of the disc and «is the opacity law.
An average value of the central density pc is defined through
the relation ;= 2H(r)pc. The pressure includes the gas and
the radiation:

= ERT Lopans,
i 3

The radial viscous force Iy is:
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where v is the cocflicient of the shear viscosity, vy is the cocf-
ficient of the viscosity in the equation of radial momentum,
R is the gas constant and g is the mean molecular weight.

2.2 Boundary conditions

The inner boundary of the computational domain is the ro-
tating stellar surface (r =. R.) through which matter flows
into the star at a constant rate (M) In the present work two
different inner boundary conditions on the temperature are
considered: f irst an effective photo spheric temperature is as-
sumed for th ¢ star T, =:5 x 100 K and then the temperature

gradient is chosen such that I"rzzza'I'.’; in the second case a

non flux boundary condition dT'/dr = O is imposed on the
inner boundary. The outer boundary of the computational
domain (located at r = 2R. ) is the inner edge of the disc
and rotates with the Keplerian velocity. The gas enters this
boundary at the same rate as it leaves through the inner
boundary (M).

2.3 Initial conditions

Since the equations are time dependent, initial conditions
have to be specified. The initial conditions arc the superpo-

sition of an isothermal atmosphere and an inflowing disc of

matter. Theinitial pressure is given through the equation of
state. The initial radial momentum is obtained through the
relation M :=const. in some cases the steady state solutions
obtained are used asinitial conditions for other models.
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2.4 Viscosity proscription

An a prescription is used for the viscosity (Shakur a & Sun-
yaev, 1973) similar to the onc originally used by Papaloizou
& Stanley (1 986), but with diflerent approximations:

v = ac,ll, (5)

where ¢:==1'11’/pis the sound speed, T = (H 2+ H?)~1/?
and /1, is the pressure scale height in the radial direction
Hy = P(81/81 ) 1. For high radial infall velocities, the scale
height 1 can be written:

= LA

- S VTR (6)
N

g |- R

This prescription leads to a viscosity which drops by =2

orders of magnitude in the region closc to the stellar sur-

face where the pressure gradient is high and the radial scale

height is smaller than the vertical one.

To check the effect of the viscosity on the solution, a dif-

ferent o viscosity prescription, developed for non-Keplerian

discs (Godon1995h), is introduced in the calculations:

g
ve= ac ] M? »;»—d‘-;?f? - @)
|5
which can be written
2
avy
V= -—l—‘i‘:}«, (8)
r dy

where ve:z= M (cqis the turbulent velocily. Models with
large values of a develop high radial velocities. For these
particular cases theviscosity is modified using a cocflicient
developed from a causality formalism (Popham and Narayan
1992):

v? 2
varl|l-- .ﬂ_{cg> . 9)

where f=1when M < 1and B==M;otherwise. However,
in the present calculations My = 11s assume d.

2.5 The opacity law

The opacity is an important factor in the modeling of accre-
tion discs around young stellar objects (YSO).The abrupt
jump in the opacity (which occurs around 7'a 10°) can
change drastically the nature of disc and gives rise to ther-
mal instability responsible for the outbursts seen in IFU Orio-
nis stars. Inthesc systems the “jump” appears in the ioniza-
tion front located at several stellar radii (Bellet al. 1995). in
cook-r discs (with smaller mass accretion rates), onc expects
the ionization front to be located at smaller radii, not very
far from the stellar surface and the hotter BI.. It is, there-
fore, primordial to include the exact opacity law in models
of accretion disc Bl.around YSOS and especially around the
‘cooler” I"I'aur i stars. In previous works (steady-state cal-
culations of Pophamet al. 1993 and Lioure and l.ec Contel
1994) the opacity gap is not included in the opacity law.

fnthis wor k an analytical form of the opacity is used, first
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developed by Lin and Papaloizou (1985), and then imple-
mented by Bell and 1,in ( 1 994) in the range 7’ < 3000K.
The opacity (frcqucncy averaged) is written

K= kip™Th, (10)

where i = 1, .8 accounts for cight different regimes of tem-
peratures and densities (sce Bell and Lin 1994 for more de-
tails). in figure 1 the opacity is drawn as a function of the
temperature for diflerent densities. The opacity “gap” oc.
curs around T = 10K for practically all densities.

2.6 Optically thin case.

In those same models which required a precise description
of the opacity gap, optical] y thin regions devclop[st‘/(sec Re-
sults). Therefore, in these cases an adequate treatment of
the radiation flux inthelimit of optically thin medium is
applied: a prescription similar to the onc used in Popham et
al, (1993), based on the anal ytical model of Hubeny (1990)

a generalization of the Gray Lemperature distribution for
stellar atmosphere applied to thin discs, under the assump-
tirm of J.ocal Thermodyn amic Pequilibrium).

3 THE NUMERICAYL, METI110D

The spatial dependence of t he equations is treated with a

Chebyshev Spectral method, while a Crank-Nicholson and a
sccond order Runge Kutia method are used for the time de-

pendence of the equations. ‘1 ‘hc numerical method has been
widely described in Godon et al. (1995) and Godon (1995a).

3.1 The Spectral Methods

1 )etails on the spectral methods can be found in Canuto
et al. (1988), Gottlieb and Orszag (1977) and Voigt et al.
(1 984). Spectral mcthods arc based on expanding the solu-
tion u(2) (of eqs.1-4) interms of a series of functions ¢m(x)
(a complete set of or thogonal functions in a space S):

N

un(x)== }_ :a,.tjl,,(l'),

n=0

Onc replacesu(z;) by u x(2,5) in the solution of the initial
problem (eqs. 1 -4)

Ou(z, t
——(ér——)- = Llu{z, )] 4 f(z, 1), (11)
and defines the residue of the approximation un by :
Oun Ou

Ry = o I,[uN]} - {*(,')[— - L[u]}, (12)
01

3}
Bn = S5 - Lun] - f (13)

‘I'his residue vanishcs if uy is the exact solution. One then
minimizes /tn by projecting it on the basis Yn(z) (u=0,1,..
N) (in a subspace S~ of ’3) and then by demanding that this
projection vanishes,

PnRN = 0. (14)
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The projection operator, I’~, determines the spectra]
method used and the approxi mation space, Sn, is deter-
mined by choice of the expansion polynomials.

3.2 The Chebyshev Pscudospectral method

The Chebyshev expansion is appropriate for nonpcriodic
boundary conditions and the repartition of the grid points
is higher at the boundaries. The Chebyshev polynomials arc
defined as

7:(z) = cos[n arccos(x)], (15)

In this work the Chebyshev Pscudospectral method is used
to evaluate the spatial derivatives of any function u. One
expands u

N
Wl

un = ) anTi(z),
u=0

while ay, is given try

N
2 1 "y Tyn
Qp = — ~Leos(—~
n 1\, é“ L Ej ( N Y

2=0
where z;=cos(rnj/N),u;=u(z;} and Co=&En= 2, ¢;=1
for 0 <y </v.
onc then differentiates the expression for UN

N
dun Y e
*—(-i;‘- = a"I,,(a:),

n=0

and rewrite
N-1

duy 4y
I L as,‘)l..(ar)i

n=0

The recurrent relations bctwccn']f,(:c) and 7y(z) leads to
the following:

N-1
1 2 2“ -
051) - c;,,, o n=0,1,..N.
p=n4l,2

where co== 2, ¢ .
p=n4 1 by 2.

1 for O < 3 < N and p=n+1,2 mecans

4 RESULTS

In all numerical models presented here the accreting star
has a radius R.=:4.3Rg, mass M =1x MO and .=
0.1 x k(1. ). The paramecters which are changed from
model to model arc the a viscosily parameter, the flux con-
dition at the inner boundary and the mass accretion rate
M. All the models are listed in Table 1. In the first column
the modcls arc denoted by 1,2,.. and J 1. In column 2 the
value of the a viscosity paramecter is given. The maximum
effective temperature and the mass accretion rate appear in
column 3 and 4 respectively. Since the mass accretion rate
can change with time and radii, this value of M is the con-
stant value given at the boundary. The half thickness of the
disc appears in column 5. The radial extend over which the
temperature of the boundary layer differs significantly from

the termperature of the disc is the thermal boundary laycr,
listed ir, column 6. I'he radial extend over whichthe an-
gular velocity inthe boundary layer differs strongly from
the Keplerian velocity inthe disc is the dynamical boundary
layer, which appears in column 7. In column 8 it is spccified
whether a thermal boundary layer is seen or not. In column 9
the inner boundary condition on the flux is specified: (1) de-
notes a non-flux boundary condition d7'/dr =0, (I 1) denotes
the boundary condition /== 0'1;’,,, where Tegg=5000K.

Both viscosity prescriptions (egs.5-6 and eqgs.7-8) are used
in the calculations and give the same results. Equation 9 is
used in some models to prevent supersonic radial velocities
to develop, this is especially useful during the relaxation of
the models toward steady state. Once the steady state is
reached, almost all the models exhibit highly subsonic ve-
locities. I'he substitution w4, == 3r is made in some cases
during relaxation, for numerical convenience.

4.1 Time dependent evolution of boundary layers
in YSOS

Liach model is evolved from the initial condition until it
r caches a steady-sta(c. T'he dynamical time 74 is of the or-
der of a day, while the viscous time scale 1, varies from one
model to another. As iuthccasc of accretion disc bound-
ary layers in Cataclysinic Variables (Godon 1995a), it is
cnough to follow the evolution of the models on a time
scale 1 = (r47,)/2 Aftr a f, dynamical times the models
approach steady state, then they evolve slowly toward the
steady stat e. As arncxample,in figure 2a time dependence

of the luntinosity 1. = teups2nrdr is shown of model 4.

It takes about onc Weelf‘for the model to evolve from the
initial conditions to the steady state solution. In figure 2b
the maximum eflective temperature is shown for model 4 44
a function of time. 1 lere alsothe model reaches steady state
after a week or so. In figu rc 2c the luminosity of model 4
is plotted against its maximum effective temperature, the
circles deno te the different snapshots at which the data has
been collect cd. This is of course not a realistic plot in the
11-R diagram, hut it gives a rough approximation of how the
model relaxes from the imitial condition toward the steady
state. The luminosity decreases gradually while the max-
mum cffective temperature draws characteristic z shapes.
At this stage of the evolution, the accuracy of the model is
of a fcw per cents, which is amply enough for the purpose
of the present study. It must be stressed that the evolution
of the modcls requires a ot of computation time, therefore,
the steady st ate solutions of some models are used as initial
conditions forother models. For all the models presented
here, the evolution is similar to the one shownin figures 2a,
2b and 2c.

Models with very low mass acct ction rate exhibit high am-
plit udc oscillations of M, cven after they reach the steady
state. In figw ¢ 2d two snapshots of the mass accretion rate
arc shown for model 4. Thesnapshots are taken at about
one day of inferval after the model reaches steady state. The
model exhibits local high amplitude variations of the mass
accretion rate. As for the si mulat ion of Quasi-periodic Oscil-
lations in Cat aclysmic Variables (CVs), Godon 19953, these



arc oscillations trapped between the stellar surface and the
reflective outer boundary, sincethe inflow boundary con-
ditions are reflective. It has been shown (Yamasaki, Kato
and Mineshige 1995) that such oscillations can in fact be
trapped just inside the transition front betwcen the inner
hot and the outer cool regions of accretion discs in CVs and
produce QPOs. In YSOs the ionization front is very small
and cannot probably trap such oscillations.

The observed light curves of YSOs vary over a wide range
of amplitudes and timescales (scc for example Saficr 1995,
and thereferences therein). ‘L'heir optical light curves have,
in some cases, a periodic component which can be explained
in terms of a rotating spotty stellar surface, though good
temporal sampling is made difficult duc to the presence of
additional irregulax components. ‘I ‘his can also be explained
by the present calculations, whit}) show that low mass ac-
cretion rate discs around YSOS arc prone to exhibit high
amplitude local variation of M. Again, as in the case of sim-
ulations of QPOs in CVs, the high amplitude variations of
M is associated with only very small oscillation in the lumi-
nosity (few percents al most).

4.2 Steady state solutions of boundary layers in
YSOs

4.2. i Variation of M

The effect of increasing M is first considered as all the pa-
ramcters arc kept constant: == 0.3 and M =5 x 10-"2.5 x
10",8.5 x 10G and 1 x 10*4M(.)/y (models 4,5,9 and 10).
The results are shown in figures 3a-d (see also ‘l'able 1).
For models 4,5 and 9, the results arc similar: the dynamical
boundary layer extends roughly to 0.1 R,, there is a ther-
rnal boundary layer of &~ 0.3 -- 0.5/, and the half thick-
ness of the disc: H= 0.1 — 0.15r. in the low mass accretion
rate regime (M = 5 x 107" Mg/y) the temperature exceeds
70001{ on a region of roughly 0.05 R., consistent with the
fitting models of observed T'Tauri spectra (Bertout et al.
1988, llartigan et al. 1989, Basri and Bertout 1989). For
the high accretion mass rate (model 10, corresponding to
FFU Orionis mass accrctiou rate) the picture changes drasti-
cally: the dynamical boundary layer increasesto 0.41?., no
distinct thermal boundary layer is seen and the half thick-
ncss of the disc jumps to 0.4r. As the mass accretion rate
increascs, the maximum cffective tempcerature rises from
8000 (M =5 x lo-' Mg /y) up to 14000K (M = 1 x 107%),
and as expcected the spectra increasc proportionally and shift
to the blue (figur ¢ 3d) .

‘I’here arc mainly two kinds of solutions: the solutions which
exhibit a thermal boundary layer component and the solu-
tions without a thermal boundary layer.

4.2.2 Variation of a

In order to assess how the solutions depend on the o viscos-
ity paramecter, models are computed with different values
of cr. Models 2 and 5 have the same mass accretion rate
M= 25 x 10" M/y but with a= 0.005 and 0.3 respec-
tively. Models 3 and 8 have both M = .5 x 1076 Mg [y but
a= 0.02 and 0.0G respectively. The results arc shown in
figures 4a-d. Here also, there arc clearly two kinds of solu-
tions: - aj soludions with a small dynamical boundary layer
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and a distinct therinal boundary layer (models 5 and 8),
these solutions corr espond to models with a large a. - h)
solutions with a wide dynarmical boundary layer and with-
out thermal boundary layer (models 3 and 2), these solu-
tions correspond to models with a relatively small . The
first kinds of solutions arc geometrically thiner (f//r = O. 15)
than the sec ond kind (Il/r & 0.3). The solutions with a ther-
mal BL, have a much bluer spectrum (but a somewhat lower
luminosity) than the solutions without a thermal Bl {(figure
4d). Hereit is important to stress that for all the models
with a low mass accretion rate and a flux boundary condi-
tion (denoted by 11 in columm 9 of table 1), the luminosity
of the comyruted regions exceeds the accretion luminosity.
This results is consistent with the picture in which the flux
boundary condition pours cnergy into the inner part of the
disc (Regev and Bertout 1995, Godon, Regev and Shaviv
1995). This effect appears to be much stronger in YSOs
than in CV systems. This effect is examined in more de-
tails in the next paragraph.It seems, therefore, that this
heating process is further increascd by a low value of cr.
There appears to bea threshold value of a (acritic) which
separates the two kinds of solutions. In the present calcu-
lations, for M = 2.5-- 5x107° Mg /y, @critic = 0.04. For
@ < Qeritic solutions without a thermal boundary layer arc
obtained; for a > @critic a thermal boundary layer appears
in the solutions. In order to scc how @critic depends on the
mass accretion rate, onc should make a parameter study of
the models. 1 lowever, the present method is time dependent
and is not well suited for a parameter study (it is highly
CPU tine ¢ onsuming).

in the extreme case of I'U Orionis stars with o= 10°,10 "-4
and M =10"*Mg/y, the model develops a sub-Keplerian
rotation law in all the com putational domain, up to the outer
boundary (r = 2R.). Fven in the case Fiour = 5R4 the solu-
tion exhibits a non-Keplerian rotation law closc to the outer
boundary. 1 Jowever, the outer boundary conditions imposed
arc that of a Keplerian disc, and since the spectral methods
arc very sensitive to wrong boundary conditions, the model
can not be relaxed toward steady state. Furthermore, the
numerical code presen ted here is highly CPU time consum-
ing, therefor ¢, the outer boundary can not benoved further
outward (with the same resolution).

4.2.8 The effect oj the flur boundary conditions

The effects of the inner flux boundary condition on the so-
lutions is examined her-c for several models. Models 6 and
7 have the same values of the paramecters with a high ac-
cretion mass rate, but modcl{ 6 has the boundary condition
k= a’]':”, while modc! 7 has d7'/dr = O. Both models ex-
hibit no ther mal boundary layer and the different boundary
conditions infact clo not aflect the t-molts. At lower mass
accretion rate, however, theencrgy poured from the star
into the B, is comparable to the accretion cnergy. In this
case one expects the solutions to be affected by the boundary
condition. In figures 5 the results of models 1 and 2 arc com-
pared: they both have a smalla and the same M. Model 1
has no flux Houndary condition, and has therefore an overall
lower temperature (but a somewhat higher peak tempera-
ture, characteristic of a thermal boundary layer) than model
2.1 ‘he results are shown in figures 5a-d. T’he model with no
flux boundary condition (1) exhibits all the characteristics
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of a solution with a thermal boundary layer. The overall lu-
minosity of model 1 is smaller than inmodel 2, however the
spectra is relatively bluer. Comparison with figure 4d shows
that model 1 has a luminosity smaller than model 5, which
corresponds to the same model but with a large «, a thermal
boundary layer and a flux boundary condition.

4.2.4 Optically thin models.

For low mass accretion rate (M =z 10-"7 Mg /y) and non flux
boundary conditions, very cool solutjons are obt aincd. In
these solutions, theinner part of the disc (the I\ 1) has a
mid-plane (central) temperature of a few 10°K, while the
outer part of the computational domain is characterized by
an extremely low mid-planc temperature of a few thousands
K only. “I'here is a net transition from one region to the other
(see model 11 in figures 6a and6b). In the hot region the
gas is fully ionized, while in the cool region the gas is com-
pletely ncutral. The two regions arc separated by a sharp
trausition zonc: the ionization front. The medium becomes
optically thin in the outer region just adjacent to the ioniza-
tion front, while it is optically thick ever.ywl)ere elsc. All the
other miodels (1through 1 O) arc m uch warmer, completely
ionized and optically thick. 1 Jowcver, the evolution of the
cool models (1 1and others not shown here) cannot be fol-
lowed for a long time. These models arc strongly unstable.
It is not clear what is the exact source of the instability, but
several reasons canbeinvoked: thermal instability from the
ionization front, numcrical instability due to the sharp (one
grid point) transition and instability duc to high oscillation
of M asinmodecl 4 (modell1 is compruted from model 4,
try changing the inner boundary condition). It is not clear
also whether this model reached a steady state. One should
therefore consider the results of model 1 1 with restrictions.

5 DISCUSSION AND CONCI.US10ON

5.1 TTauri systems.

Modeling of accretion disc boundary layers around T'lauri
stars (M around 10~ ® M, /y) leads basically to two kinds of
solutions, The first kind of solutions is obtained for a valuc
of = 0.1 anti is characterized by a distinct thermal bound-
ary layer componcent of extend ARy = 0.3 — 0.5, while the
dynamical boundary layer ARRp = 0.1, and n/r & 0.1 -0.15
(consistent with the results of Pophamet al. 1993, but larger
than the values obtained by lioure andl.c Contel 1994,
Regev and Bertout 1995). This solution is further favoured
when a non-flux boundary condition is imposed at the inner
boundary. The second kind of solutions is obtained assun-
ing a small value of a{a@=0.01) and is characterized by a
large dynamical boundary layer Alt; 22 0.5 and 11/r = ().3,
without a distinct thermal boundary layer component. In
this case the maximum peck eflecti ve temperature is smaller
and the spectrum shows much less blue excess than the first
solution. ‘Fhe observations scem to favourdd’the first kind
of solutions with a rather high value of a, while modeling,
of U Orionis outbursts (from a quiescent T"Taur i star) in-
fcrs o = 10-3, characteristic of the second kind of solutions.
However, one should keep in mind that the o viscosity pre-
scription is an ad koc assumption, and should there fore be

considered with restriction. In the limit of low mass accre-
tion rate ( M & 5-- 50 x 10-7 Mg /y) peck tempceratures arc
obtained 7000K < Ty < 11000K on a small radial ex-
tend, consistent with the models of T'Tauri spectra (Bertout
et al. 1988, Hartigan et al. 1989, Basri and Bertout 1989,
Hartigan ct al. 1991, Bouvicer and Bertout 1992 and Bertout
et al. 1993) and steady state calculations (Pophamet al.
1993).1t further appecarsthat there is a threshold value of
a(oeritic) which separates the two kinds of solutions. For
a > @critic, solution with a distinct thermal boundary layer
component arc obl.z‘lincd, while a < eritic leads to solutions
without a thermal boundary layer. Inthe present calcula-
tions Oreritic® 0.04 when M = 25 — 5 x 107*Mg/y. The
flux boundary condition 1“,:0'1;4” leads to hotter solu-
tions and consequently to higher values of @eritic than the
non-flux boundary conditiond7'/dr = O.

5.2 FU Orionis systems.

In the extreme case of FU orionis systems (with M =
107* Mg /y), also two kinds of solutions arc obtained for the
inner part of the accretion disc. These solutions again de-
pend on the value of the a viscosity paramcter. For a sz 10—
the inner disc is Keplerian(down to a tiny dynamical bound-
ar y layer, close to the stellar surface) and recaches a maxi-
mum effective temperature 7' = 13000 — 15000K (see also
Popham ¢t al. 1993). When o & 107 the rotation Jaw
is not any more Keplerian up to scveral stellar radii (secc
also Popham et al. 1993) while the temperature drops to
T'/ 9000 -- 10000K (P’opham et al. 1993 obtain a flat tem-
perature distribution).

1’U Orionis outbursts modeling (Bell and Lin 1994 and Bell
et al. 1995) infers @ = 103, 10--4, however, they assume
a Keplerian rotation law down to the stellar surface. The
rlon-Kepler ity of the disc, however, is not believed to sc-
1iously aflcct the onset of the outburst or the decay from
outburst. Moreover, radial pressure profiles during outburst
(M =~ 10” Mg /y) suggest a 20-30 percent departure of the
disc from Keplerity (Bell, private commnication).

Standard disc modeling of spectra (Kenyon, Hartmann and
Hewett 1988) derives 7.8 ~ 70001{, bascd on theeffective
temperatw ¢ distribution (Pringle 1981):

, 3GMAM RV
= (2288 [ (]}

assuming a fully Kcplerian rotation law down to the stellar
surface. Al I bough the modceling of the inner part of the disc
is omitted, the above fiat temperature distribution through
the inner r cgion of the disc is however consistent with the
observed sprectra of I°'U Orion is, therefore suggesting that a
small value of a should be adopted in the numerical calcu-
Miens.

(16)

5.3 Optically thin BLs in pre-main sequence stars.

Models with M =2 5 x 10" Mg /y and non-flux inner bound-
ary condition (as well as models not presented here with
M = 107 Mo /y) exhibit very cool solutions. The mid plane
temperature in the ionized Bl reaches only a fcw 104 K,
while the rest of disc, completely neutral, has a tempera-
tur e of just a fcw 10°K . The two regions are separated by

A
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a;)sharp ionization front. In this case the outer region just
adjacent to the ionization front becomes optically thin with
an optical depth r=rpll~ 10, consistent withthe es-
timatcs of Bertout et al. (1988), Basri and Bertout (1989)
and Hartiganet al (1989). These solutions exhibit high am-
plitude local oscillations of M during relaxation and become
unstable. It is not clear whether these models reach steady
state. For all the cool models computed here, the BI. region
is always hot cnough to allow jonization of the Hydrogen,
therefore leading to an ionization front always adjacent to
the outer region of the thermal BL. The hotter models (mod-
els 1-10), which do not exhibit a ternpcraturc below 104K
in the computational domain, are expected to have an ion-
ization front far from the stellar surface, at & a fcw 10 solar
radii (equivalent to & 3 stellar radii, sec also Bellet al.
1995), where the temperature in the disc drops below 10°1{.
This is partly supported by the following consideration. In
figure 7 some of the models are@r@v/ in Lhc temperature-

* density plane, divided in mainly two regions:the right part

corresponds to a fully ionized hydrogen gas, the left art cor-
responds to ncutral hydrogen. The two parts arc separated
by a thin transition region where the garr is partially ionized.
Models 1-10 appearin the fully ionized region. Model 11has
its Bl. in the ionized part and its cooler disc irr the neutral
part, the sharp jonization front spreads over the entire tran-
sition region and is characterized by ajumpof about onc or-
der of magnitude in both tempcerature and density. Models
1,458 and 9 have a distinct thermal boundary layer com-
ponent and arc not very warm. They arc just adjacent to
the partially ionized (unstable) region, theionization front
is probably located at a fcw stellar radii at most. Models
2,3,6,7 and 10 arc relatively hotter anti do not exhibit any
thermal boundary layer component. They arc much farther
from the partially ionized region, their ionization front is cer-
tainly far from the stellar surface, at some radii r > 10/
(the density and temperature in the disc change very slowly,
therefore the outer part of the disc will appear in the plane
as a tiny tail). The heating effect of the inner radial flux
boundary condition on the solutions is clearly scen as a shift,
of the curve in the horizontal direction.

In this work, one-dimensional time dependent numerical cal-
culations of accretion disc boundary layers around young
stellar objects have been carried out, and have shown how
the solutions vary according to the values of the a viscos-
ity prescription, the mass accretion rate and the boundary
conditions. The present calculations were limited to stable
steady state solutions of moderate accretion rate. The diffi-
cult region of the unstable ionization front (partially ionized
hydrogen region) was resolved forafcw dynamic times only.
It seems that, inthisregime of temperatures, a more re-
fing/mumerical method (with an adaptable grid) might be
necded to resolve the transition region, and follow the evo-
lution of the instability. We are presently working to improve
the present numerical code (and the physical assumptions),
and wc hope to hc able to follow the evolution of these un-
stable models. Results will be published elsewhere.
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FIGURES CAPTION

Figure 1.

The opacity is drawn (in ¢m?/g) as a function of the tem-
perature (Kelvin) on a log-log plot, for four different values
of the density p=:10"%, 107, 10°and 10°g/cc. The tem-
perature for which the opacity is computed is the mid-plane
(central) temperature, in most of the calculations the mid-
planc temperature is T; >2 x 10°K up to fews 10°J{.

Figure 2a.
The time dependent evolution of the luminosity of model 4.
The luminosity is drawn on a log scale in erg/s.

Figure 2b.
The maximum effective temperature reaches by model 4 is
drawn as a function of time. After a week or sothe model
approaches steady state.

Figure 2c.
The luminosity is drawn against the maximum effective temn-
perature for model 4. The circles denote the snapshots at
which the data has been collected.

Figure 2d.

T'wo snapshots of the local mass accretion rate arc shown for
model 4. The snapshots have been taken at shout onc day of
interval, after the model approachces steady state (one week).
The mass accretion rate is given in solar mass per year, while
the radial variable is givenin units of stellar radii. nigh am-
plitude oscillations of the mass accretion rate appear locally
during relaxation of the model toward stcady state.

Figure 3a.
The angular velocity log(§2(r)/Q2k(r))is plottedas a func-
tion of the radius log(1+10°(r — }{. )/1i.), for four different
mass accretion rates M= 5 x 107, 2.5x 107%, 85 x 107®
and ]J0°MO/y. Thealpha viscosity paramcter is a == 0.3.
The width of the dynamical Bl,increases with increasing
mass accretionr ale.

Figure 3b.
The effective temperature Teg y is drawnas a function_ of
the radius r/R, for four diflerent mass accretionrates M =
5 x 10-7,2.5 x 10--6,8.5 x 107% and 107* Mg /y. The tem-
peratore is given in Kelvin, The alphaviscosity parameter

is @ = 0.3. As the mass accretion rate increases, the width
of the thermal Bl cxpcnds and the temperature increases.
In the extreme case M = 107* the thermal BL. component
disappears, while the temperature raises up to more than
104 |{.

Figure 3c.

The vertical extension of the disc 11/r is drawn as a func-
tion of the radius r/R. for four different mass accretion rates
M=5x10",2.5 x 10"°,8.5 x 10" and 10~ * Mg /y. The
alpha viscosity parameter is o = 0.3. The vertical thickness
of the disc increases with increasing mass accretion rate,
however, for M = 10° Mg ly the thickness H is of the or-
der of r.

Figure 3d.
Black Body spectra of theinner part of the disc arc shown for
the four different mass accretion rates: M =5 x 107, 25 x
106,8°x 107 and 104 Mg/y. The luminosity AF(X) is
given in erg,/s andthe wavclengthin cm on a log-log scale.

Figure 4a.

The angular velocity is plotted as a function of the radius
(log-log, asinfig.1). Models 2 and 5 have the same mass ac-
cretion rates M =2.5x 10" Mg /y, witha = 0.005 and 0.3
respectively. Very low values of a(ax 10°— 107) leads
to a wide dynamical Bl (flgyn® R.), while solutions with
@ 0.1 - 1 leads to thin dynamical BLs(Rayn = 0.1 R).
Models 3 and 8 have M =5 x 107 *Mg/y and a = 0.02
and 0.06 respectively. “J'here is a threshold value of o (in the
P! esent case Oeritic &2 0.04) for which the solution ‘jumps’
from a thin dynamical 111, to a thick one. The two solutions
arc not very sensitive to the exact value of «,as far as this
value dots not reach thecritical value @critic.

Figure 1b.

The effective temper ature is plotted in Kelvin as a function
of the radius r/it. for models 2,3,5 and 8. Here also wc scc
two distinct solutions. Modcls 2 and 3 for which & < acritic,
have no separate thermal 131. component, and arc on the
average hotter than models 5 and 8 for which a > Qcritic-
Models 5 and 8 have however a hot thermal Bl. component
with maxima above the maxima of models 2 and 3.

Figure A4c.
The vertical thickness of the disc is shown for models 2,3,5
and 8. Herc also there is a clear distinction between the
models with @ < @critic (mmodels 2 and 3) andthe models
witha > acritic (models 5 and 8).

Figure 4d.
Black Body spectra of the innmer part of \thc disc is shown
for models 2 and 5. The spectra of model 3 and 8 arc simi-
lar but arc not shown for clarity. The models which exhibit
a distinct thermal boundary layer (models5 and 8) have
a much bluer componcnt and arc less luminous than the




models without a thermal boundary layer (2 and 3). The

luminosity AF'(X) is erg/s and the wavelength is in cm on a
log-log scale.

Figure 5a.
The angular velocity for models1 and 2. Model 1 has the
boundary conditiond? ‘/dr = O on the stellar surface, while
model 2 has Fy = a']f,,. In model 2 the star pours encrgy
into the Bl, while in model 1 there is no influx of encrgy into
the inner part of the disc. The dynamical Bl. is much more
extended in model 2 than in model 1.

Figare 5b.
The effective temperature is shown for models 1 and 2.
Model 1 is similar to the solutions which have a > Qcritic
but with a more extended thermal Bl..Model 2 is similar
to the solutions which have o < @critic- The eflect of a zero
flux boundary condition is to decrease the threshold value
Qcritic and to allow for the formation of a distinct thermal
Bl component.

Figure 5c.
The vertical thickness of the disc is shown for models 1 and
2.

Figure 5d.
Black Body spectra of models 1 and 2. The flux boundary
condition imposed on model 2 leads to a much higher la-
minosity. Model 1has relatively a stronger blue component
than model 2. The luminosity AI*(X) is in erg/s aud the
wavelength is in cm on a log-log scale.

Figure 6a.

The mid -plane (central) temperature is shown for model 11.
The temperature is given in Kelvins and the radius in stel-
lar radii. The ionization front is located aroundsr =~1 .3517,,
beyond this point the temperature drops to a few thou-
sands K (the gas is completely neutral), while in the thermal
boundary layer region (r < 1.351{, ) thetemperature reaches
2 x 1 0°1{ (fully ionized gas). In the very inner part of the
BL (r < 1.1 R, ) the temperature increases further inward as
one approaches the stellar surface.

Figure 6b.
The vertical thickness of the disc I = ¢,/§lx is shown
for model 11. In the thermmal boundary layer the thickness
rcaches (). 15r while in the outer cool region it drops to 0.05r.

Figure 7.
Models 1,3, 5 and 11 arc drawn in a density-lempecrature
diagram (log-fog scale). The plane is divided in three re-
gions. Inthe right part of the planethe Hydrogen is fully
ionized. In the left part the Hydrogen is neutral (atoms).
While in the intermediate region, | lydrogen is partially ion-
fzed. ot convanicnce only ¢he line which separates the fully
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ionized part and the partially ionized part is drawn. The
line which separates the atoms from the partially ionized
Il ydrogen has only beendrawn partially. Models 2,6,7 and
10 are similar in shapeto model 3. Models 4,8 and 9 arc
similar to model 5. For convenience not all the models arc
shown. All the curves have a characteristic *V’-shape. The
upper righl extremity of a V-curve corresponds to the stel-
lar surface, the other exti cmity of the curve corresponds
to the outer edge of the computational domain. The ver-
tical branch of a curve corresponds to the decrease of the
density in the stellar atmosphere, which reackia minimum
inithe bounidary layer region.l’he horizontal anch corre-
sponds to a decrease of the temperature as one moves from
the thermal BL to the outer cooler region. The outer cooler
region has a large radial extend (r > 1.4R. in most cases)

({v’/’/ /

S

but appear, on the graph as a tiny tail on the left extremity )\

of the curv'(r, since the density and temperature 130 not vary
very much there. The vertical position of each model on the
plane depends on the mass accretion rate, while the horizon-
tal position depends on the temperature of the model. Model
3represents a characteristic curve of a hot solution, without
thermal boundary layer component. Model 5 represents a
characteristic curve of a solution which exhibits a thermal
boundary layer component. Model 1has been obtained by
imposing a non-flux boundary condition on model 2, which
appears onthe graph as a shift of a hot solution (3) toward
the ionization line (log(71)=:4, model 1). Similarly, modeli1
has been obtained by imposing a non-flux boundary condi-
tion on model 4, which appears on the graph as a shift of the
solution (5) to the neutral region of the plane(model 11).
T'he curve of model 11 has been separated in four- parts (by
drawing sm all vertical lines). The extreme left pai 1 of the
curve corresponds to the outer cool region. The middle left
part corresponds to the sharp transition region. The middle
right part corresponds to the thermal BL region. The ex-
treme right part corresponds to the stellar atmosphere.

TABLE CAPTION
1 able 1.

Fleven different models have been computed and arc
listed in the table. The initialinput parameters of the models
arc the a viscosity parameter (column 2) and the mass ac-
cretion rate¢ (columu 4). There are two different inner bound-
ary conditions on the temperature (column 9): (1) non-flux
boundary condition d?’/dr = O, () Fy =0T}, where
Tery = 5000K. The half thickness of the disc H appears in
column 5, the radial extend of the thermal boundary layer is
givenin column 6 while the radial extends of the dynamical
boundary layer is givenin columu 7. There arc mainly two
kinds of solutions: solutious which exhibit a distinct ther-
mal boundary layer component and solution” which do not
exhibit any component (column 8). 4
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